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GeorgiaABSTRACT Ceramides and dihydroceramides are N-acyl derivatives of sphingosine and sphinganine, respectively, which are
the major sphingoid-base backbones of mammals. Recent studies have found that mammals, like certain other organisms, also
produce 1-deoxy-(dihydro)ceramides (1-deoxyDHCers) that contain sphingoid bases lacking the 1-hydroxyl- or 1-hydroxy-
methyl- groups. The amounts of these compounds can be substantial—indeed, we have found comparable levels of 1-deoxy-
DHCers and ceramides in RAW 264.7 cells maintained in culture. The biophysical properties of 1-deoxyDHCers have not yet
been reported, although these lipids might play important roles in normal cell regulation and in the pathology of diseases in which
they are elevated, such as hereditary sensory autonomic neuropathies or diabetes. This study uses several approaches,
including surface-pressure measurements, differential scanning calorimetry, and confocal microscopy, to study the behavior
of 1-deoxyDHCers of different N-acyl-chain lengths and their interaction with sphingomyelin (SM). The thermotropic behaviors
of 1-deoxyDHCers alone and in mixtures with SM are described, together with their interactions in monolayers and giant
unilamellar vesicles. The gel-fluid transition temperatures of the pure compounds increase in the order 1-deoxyceramide < cer-
amidez 1-deoxyDHCer < 1-(deoxymethyl)DHCer. In general, canonical ceramides are more miscible with SM in bilayers than
are 1-deoxyceramides, and 1-(deoxymethyl)DHCers are the most hydrophobic among them, not even capable of forming mono-
layers at the air-water interface. Thus, these properties suggest that 1-deoxyDHCer can influence the properties of cellular mem-
branes in ways that might affect biological function/malfunction.INTRODUCTION1-Deoxy-sphingoid bases are a novel class of sphingolipids
that arise from the condensation of alanine or glycine with
palmitoyl-CoA via serine palmitoyltransferase (1,2). The
product from alanine is 1-deoxy-sphinganine (2-aminoocta-
decane-3-diol (m18:0)) and the one from glycine is 1-deox-
ymethylsphinganine (1-aminoheptadecane-2-diol (m17:0)).
Although their metabolism is not fully clarified, in analogy
to the typical sphingoid bases (sphinganine and sphingosine,
produced from serine), they are acylated with fatty acids of
different acyl-chain lengths to yield 1-deoxydihydrocera-
mides (1-deoxyDHCers) and 1-(deoxymethyl)DHCers (1-
deoxymethylDHCers), which in turn appear to undergo
desaturation to 1-deoxyceramides (1-deoxyCers) and 1-(de-
oxymethyl)ceramides (1-deoxymethylCers) (2). It is very
important to note that the lack of the 1-hydroxyl group in
these compounds precludes their metabolism to the bioac-
tive 1-phosphates and more complex sphingolipids, which
are the major forms in which traditional sphingoid bases
appear in cells.Submitted September 5, 2014, and accepted for publication October 8,
2014.
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0006-3495/14/12/2850/10 $2.00It has been shown that the 1-deoxysphinganine backbone
is cytotoxic for cancer cells (3,4), and it has been explored
as an anticancer agent in phase I clinical trials (5–7) where
dosage was limited by hepatotoxicity and neurotoxicity.
These toxicities are consistent with the discovery that muta-
tions in serine palmitoyltransferase that elevate 1-deoxy-
sphingolipids cause sensory neuropathy (8,9) and might
contribute to other diseases, such as diabetes (10,11).
Thus, 1-deoxy compounds constitute a poorly explored
category of naturally occurring sphingolipids with potent
bioactivities.
In contrast to the membrane properties of canonical
sphingolipids based on sphingosine, for which much is
known (12,13), there have been no reports to date regarding
the biophysical properties of 1-deoxysphingolipids. This
study characterizes the behavior of representative 1-deoxy-
sphingolipids with different N-acyl-chain lengths (Chart 1)
and their interaction with sphingomyelin (SM) in bilayers
and monolayers. The techniques used include monolayer
compression isotherms, differential scanning calorimetry,
and confocal microscopy. The thermotropic behavior of
pure 1-deoxyceramides and mixtures of SM and 1-deoxy-
ceramide is described, together with SM-deoxyceramide in-
teractions in monolayers and giant unilamellar vesicles
(GUVs). Since relatively little is known about the amountshttp://dx.doi.org/10.1016/j.bpj.2014.10.010
CHART 1 Structures of the Cers studied in this work.
Novel 1-Deoxyceramides 2851of 1-deoxysphingolipids in cells, they have been quantified
here in a mammalian cell line (RAW 264.7 cells) that has
recently been the focus of in-depth lipidomic (13) and
sphingolipidomic (14) analysis.MATERIALS AND METHODS
Materials
Different acyl-chain-length sphingomyelins, 1-deoxyDHCers, and the lipo-
philic fluorescent probe lissamine rhodamine PE (Rho-PE) were suppliedby Avanti Polar Lipids (Alabaster, AL). Solvents and chemicals were of
the highest commercial purity available. The water was purified by a
Milli-Q system (Millipore, Billerica, MA), to yield a product with a resis-
tivity of ~18.5 MU/cm.Methods
Analysis of 1-deoxysphingolipids in RAW 264.7 cells by mass
spectrometry
The amounts of (dihydro)ceramides, 1-deoxy-(dihydro)ceramides, and
1-deoxymethyl-(dihydro)ceramides were conducted using RAW264.7 cellsFIGURE 1 Quantitation of the different Cer sub-
types of RAW264.7 cells, showing the amounts of
the N-acyl derivatives of the sphingoid-base back-
bones (d18:1, sphingosine; d18:0, sphinganine;
m18:1, 1-deoxysphingosine; m18:0, 1-deoxy-
sphinganine; m17:1, 1-deoxymethylsphingosine;
and m17:0, 1-deoxymethylsphinganine) analyzed
in RAW264.7 cells. In A and B, the y axis repre-
sents the sum of all of the N-acyl derivatives of
these backbones (e.g., the bar for d18:1 represents
all of the Cers with a sphingosine backbone), and C
shows the distribution of the N-acyl chains (ex-
pressed as carbon-chain-length:number of double
bonds present) for each backbone subtype as a per-
centage or the total for that backbone. The results
for A and C were from RAW264.7 cells placed in
culture for 24 h and then analyzed, as done by
the LIPID MAPS studies (www.lipidmaps.org);
in B, the results are for cells in the medium for
4 days (the N-acyl-chain distribution was similar
for cells in culture for 4 days (not shown)). The
error bars represent the mean 5 SD for analysis
of four individual dishes in each group.
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FIGURE 2 DSC thermograms of pure Cers. Chain lengths are indicated
above the figure. Results (third scans) of two very similar measurements are
represented. The arrow indicates 500 Cal/mol  C. The amount of sample
may not be the same in all three cases.
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by liquid chromatography-electrospray ionization-tandem mass spectrom-
etry was performed with minor modifications of the methods reported pre-
viously (1). Quantitation was based on a single-chain-length internal
standard for each subspecies class (i.e., C12-ceramide, C12-1-deoxycera-
mide, etc.); however, in each run, a mixture of chain-length standards
(C12–C24) was also used, to determine the correction factor for the some-
what lower ion yield of the very-long-chain compounds.
Differential scanning calorimetry
All measurements were performed in a VP-DSC high-sensitivity scanning
microcalorimeter (MicroCal, Northampton, MA). Both lipid and buffer
solutions were fully degassed before loading into the appropriate cell.
The buffer was 20 mM piperazine-1,4-bis(2-ethanesulfonic acid (PIPES)),
150 mMNaCl and 1 mM EDTA, pH 7.4. Lipids were loaded into the micro-
calorimeter in the form of aqueous suspensions. The lipids were hydrated in
buffer, with dispersion facilitated by stirring with a glass rod, and finally the
solutions were extruded 100 times through a narrow tube (0.5 mm internal
diameter and 10 cm long) between two syringes at 75C, near or above the
transition temperature of the lipids. A final amount of 0.5 mL at 0.5 mM
total lipid concentration was loaded into the calorimeter, and at least three
heating scans were performed at 45C/h between 10C and 105C for all
samples. Lipid concentration was determined as lipid phosphorus when
possible and was used together with data from the third scan to obtain
normalized thermograms. The software Origin 7.0 (MicroCal), provided
with the calorimeter, was used to determine the different thermodynamic
parameters for the thermograms. The software PeakFit v4.12 was used
for curve fitting.
Confocal microscopy of GUVs
Giant vesicles were prepared using the electroformation method. For
vesicle observation, a home-made chamber was used that allows direct
GUV visualization under the microscope (15,16). Stock lipid solutions
(0.2 mg/mL total lipid containing 0.2 mol % lissamine rhodamine PE
(Rho-PE)) were prepared in a chloroform/methanol (2:1, v/v) solution.
Then, 3 mL of the appropriate lipid stocks were added onto the surface of
Pt electrodes and solvent traces were removed by placing the chamber
under high vacuum for at least 2 h. The Pt electrodes were covered with
400 mL Millipore filtered Milli-Q water previously equilibrated at 75C.
The Pt wires were connected to an electric-wave generator (TG330 function
generator, Thurlby Thandar Instruments, Huntington, United Kingdom) un-
der AC field conditions (10 Hz, 0.9 V) for 2 h at 75C. The generator and
the water bath were switched off, and vesicles were left to equilibrate at
room temperature for 1 h. After GUV formation, the chamber was placed
onto an inverted confocal fluorescence microscope (Nikon D-ECLIPSE
C1, Nikon, Melville, NY). The excitation wavelength for Rho-PE was
561 nm, and the images were collected using a band-pass filter of 593 5
20 nm. Image treatment and quantitation were performed using the software
EZ-C1 3.20 (Nikon). No difference in domain size, formation, or distribu-
tion was detected in the vesicles during the observation period or after laser
exposure.
Monolayer compression isotherms
Compression-expansion isotherms were obtained in a NIMA (Coventry,
United Kingdom) 235-cm2 Teflon trough placed on an antivibration table.
Pure 1-deoxyceramides and SM-1-deoxyceramide mixtures were studied.
Mixed lipid monolayers were spread from premixed solutions in chloro-
form/methanol (2:1). Monolayers were then spread from 22 mL of chloro-
form solution onto the Teflon trough filled with 150 mM KCl, pH 8.5, at
22C. The film was relaxed for 30 min at 0 mN/m and later compressed
to the collapse phase at a speed of 0.15 nm2 mol1 min1. Surface pressure
and film area were measured in a Micro-Processor Interface IU4 (NIMA),
The reproducibility of experiments was within the maximum standard error
of51 A˚2 for molecular areas.Biophysical Journal 107(12) 2850–2859RESULTS
1-deoxysphingolipid composition of RAW 264.7
cells
Since little is known about the types and amounts of 1-deoxy-
(dihydro)ceramides in mammalian cells, these compounds
were analyzed in RAW264.7 cells, a murine cell line that
recently has been the focus of extensive quantitative lipido-
mics studies by the LIPID MAPS Consortium (www.
lipidmaps.org) (14,17). As shown in Fig. 1 A, among the
1-deoxy-sphingolipids, 1-deoxy-DHCer was present in the
highest amount (0.43 5 0.07 nmol/mg protein), which was
approximately one-third the level of Cer (1.355 0.26 pmol/
mg protein, n ¼ 4). The other compounds were much lower
(<0.04 nmol/mg protein). For comparison with the amounts
of other sphingolipids, Cer is present in RAW264.7 cells at
~5–15% of the level of SMs (~8 nmol/mg protein) (14,17).
1-Deoxysphingolipids have been noted to increase in
other cell lines (LLC-PK1 and Vero cells) maintained in
culture for several days (1), so this was also examined
Novel 1-Deoxyceramides 2853(Fig. 1 B). Indeed, the amounts in RAW264.7 cells changed
considerably after they had been in the culture medium for
4 days (Fig. 1 B), with 1-deoxy-DHCer increasing to 0.755
0.01 nmol/mg protein, which was almost equal to the
amount of Cer (0.825 0.07 nmol/mg protein). The 1-deox-
ymethyl-sphingolipids also doubled between day 1 and day
4 (e.g., from 0.045 0.01 to 0.095 0.01 nmol 1-deoxyme-
thylDHCer/mg protein), which is not visible on this scale. A
likely explanation for these changes is that these cells are
known (15) to deplete the culture medium of serine (the pre-
cursor of Cer) while accumulating alanine and glycine, the
precursors of the 1-deoxysphingolipids.
There is also an interesting distinction in the N-acyl chain
distributions of these different subcategories of sphingoli-
pids, with the DHCers and 1-deoxymethylDHCers having
similar distributions (about equal amounts of palmitoyl
(C16), nervonoyl (C24:1), and lignoceroyl (C24:0), whereas
the 1-deoxy-DHCers contain predominantly C24:1 and
C24:0 (Fig. 1 C).Thermotropic properties and monolayer behavior
of pure ceramides
As their canonical equivalents, all the studied deoxycera-
mides display narrow rigid-fluid transitions whose tempera-
tures increase with N-acyl chain length and decrease withN-acyl unsaturation (16). The transition temperatures
(Tms) of the pure ceramides (Cers) increase in the order:
1-deoxyCer < Cer z 1-deoxyDHCer < 1-deoxyme-
thylDHCer (Fig. 2). The largest change occurs from the
canonical Cer to the 1-deoxy- forms, for which the transition
temperature is shifted by ~20C toward lower temperatures.
The 1-deoxyDHCer forms have a Tm similar to that of their
canonical equivalents, whereas the 1-deoxymethylDHCer
forms have the highest Tm.
In examining their surface properties, a number of fea-
tures become apparent. Fig. 3, A–C, shows the surface-
pressure-versus-molecular-area isotherms for pure Cers.
All Cers show a liquid-condensed (LC) phase in the
whole range of surface pressures that is evidenced by
their high compressibility modulus (k) (Fig. 3, D–F).
The lauroyl-acyl-chain (C12:0) 1-deoxyCers in mono-
layers exhibit behavior very similar to that of their canon-
ical equivalent (Fig. 3 A), and all of them are in an LC
state, the C12:0 1-deoxyCer being the one with a higher
k, at the limit between the LC and solid (S) phases. A
phase transition is observed around 38 A˚2/molecule for
the canonical C12:0 Cer, as seen in the compressibility
modulus plot (Fig. 3 D). A similar transition has been re-
ported previously for C16:0 Cer (18,19). This probably
corresponds to this Cer adopting two types of condensed
state at surface pressures >30 mN/m. For the C16:0 andFIGURE 3 Compression isotherms of pure Cer
monolayers. (A–C) Surface pressure versus molec-
ular area of representative isotherms for pure Cers.
(D–F) Dependence of compressibility modulus on
molecular area.
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FIGURE 4 DSC thermograms of pure C16 SM and binary mixtures
with either 10% or 30% of different C16 deoxyceramides. Arrow, 1 kcal/
Biophysical Journal 107(12) 2850–2859
2854 Jime´nez-Rojo et al.C24:1 series, the compression isotherms of the 1-deoxy-
DHCer are shifted to higher molecular areas, indicating
that at the air-water interface, these Cers adopt a confor-
mation in which they occupy more space; in other words,
when they are less compressible they exhibit a lower
packing density (20).
The C16:0 Cers are also in an LC state, as are the C24:1
Cers, as deduced again from their high k values. C16:0 1-de-
oxyCer is the most compressible one and the C16:0 1-deox-
ymethylDHCer presents a phase transition at ~41 A˚2/
molecule, probably corresponding to an LC-LC rearrange-
ment (Fig. 3 E). The monolayers formed by this Cer are
unstable, showing some variability in its molecular area be-
tween experiments, presumably because some of the lipid is
being lost in the subphase due to its high hydrophobicity.
Moreover, the canonical C16:0 Cer may present several
diffuse phase transitions between different condensed states,
since several inflections can be detected in the compress-
ibility modulus (k) plots (Fig. 3 E).
In summary, the calorimetric studies show that 1-deox-
yCers are the ones with the lowest transition temperatures.
The only difference between these lipids and the canonical
Cers is the lack of an oxygen atom in a headgroup that can
work both as a hydrogen-bonding acceptor and donor. It is
probable that the loss of this ability to form extensive
hydrogen bonding is affecting the thermotropic properties
of the lipid. When the double bond of the sphingosine back-
bone is eliminated to form 1-deoxyDHCer, the transition
temperature increases as expected, and the 1-deoxy-methyl-
ated forms (1-deoxymethylDHCers) are those with the high-
est transition temperature. In fact, as explained above, their
high hydrophobicity prevents them from forming mono-
layers, in consequence of which 1-deoxymethylDHCer for-
mation would have the biggest impact in biological
membranes, especially the endoplasmic reticulum mem-
brane, where they are synthesized.
The Langmuir balance technique is very sensitive to
changes in sample concentration. If the lipid is so hydropho-
bic that it is forming aggregates in the subphase, the amount
of lipid detected at the air-water interface is lower than ex-
pected, so the compression isotherm is displaced to lower
molecular areas. We were unable to study the 1-deoxyme-
thylDHCer form of C12 and C24:1 Cer monolayers because
they were not surface-active, perhaps because of their high
hydrophobicity combined with the asymmetric chain length
of the sphingosine and N-acyl chains.SM-Cer mixtures
Two series of experiments were performed, one in which
each SM (C16 or C24:1) was mixed at 90:10 molar ratiosmol  C. Results (third scans) of two very similar measurements are rep-
resented. Thermograms were fitted to the smallest number of symmetrical
components.
Novel 1-Deoxyceramides 2855with the Cers containing the same N-acyl component (Cer,
1-deoxyCer, 1-deoxyDHCer, and 1-deoxymethylDHCer)
and another one with the corresponding lipids at 70:30
molar ratios. For further comparison, the same experiments
were also performed with C12:0 Cers (Figs. S1–S3). All
SMs in this section were based on sphingosine. These
SM:Cer mixtures are of interest, because these two lipids
have a mutual affinity and also they would reflect the prop-
erties of a system in which SM has been partially hydrolized
to Cer and phosphorylcholine by a sphingomyelinase, e.g.,
under stress conditions (13).
C16:0 mixtures
C16:0 Cer has been the most widely studied Cer perhaps
because it is a species frequently found in nature. A work
by Busto et al. (18) is of particular interest for this compar-
ative study, as these authors used the same techniques on
similar lipid mixtures. C16:0 1-deoxyCers behave in a
more predictable way than their C12:0 analogs, as seen in
the differential scanning calorimetry (DSC) experiments
(Fig. 4), at least when added at 10 mol %. The endotherms
corresponding to these mixtures can be fitted into two or
three main components (Fig. 4, dotted lines). However,
when added at 30 mol %, a peak appears at high tempera-
tures, corresponding again to Cer-enriched aggregates,
meaning that no more Cer is being incorporated into the
vesicles.This unusual behavior is probably due to the special and
complex membrane properties of these 1-deoxysphingoli-
pids. In the binary mixture with 30 mol % C16:0 1-deoxy-
DHCer, an exotherm appears between the main endotherm
and the Cer-rich aggregate signal. Exotherms usually are
described in the literature as the transition from a metastable
state to a more stable one (16,21).
To study the interaction of C16:0 SM with each of the
four different C16:0 Cers, compression isotherms were per-
formed with each of the mixtures used for DSC experi-
ments. In monolayers, the mixtures with 10 mol % C16:0
Cers are all in an LC state (Fig. 5 C), with 1-deoxyCer being
the most rigid, in parallel with observations for C12:0 1-de-
oxyCer at this molar ratio (Fig. S2). Pure C16:0 SM is in a
liquid-expanded (LE) state; thus, addition of 10 mol % of
any of the Cers induces an LE-LC phase transition, although
the k value (~300 mN/m) is at the limit of the LE-LC phase
state. This transition is clearly seen again around 50–60 A˚2/
molecule in the plot of compressibility modulus (k) versus
molecular area. In the mixtures with 30 mol % Cer, the tran-
sition at lower surface pressures disappears in almost all
cases but the k value of the LC phase is the same as for
the 10 mol % mixtures.
Confocal microscopy of giant vesicles has evolved in
recent years as a powerful technique for the study of lipid
domains. In this case, it is useful for acquiring extra infor-
mation about the impact of the different Cers on the SMFIGURE 5 Compression isotherms of pure
C16:0 SM and C16:0 SM-C16:0 Cer mixed mono-
layers. (A and B) Surface pressure versus molecu-
lar area of representative isotherms for pure Cers.
(D and E) Dependence of compressibility modulus
on molecular area.
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2856 Jime´nez-Rojo et al.bilayer structure. In general, immiscibility between the two
lipids is observed, lateral segregation reflecting the
condensing effect of C16:0 Cers on C16:0 SM. Domain for-
mation is observed in all cases with the exception of the
mixture with 30 mol % 1-deoxyDHCer, in which no
GUVs were formed (Fig. 6). This could be related to the
exotherm found at the temperature at which GUVs are
formed (Fig. 4). The noncircular shapes of the dark, Cer-
enriched domains suggest that they are in a gel-like phase.
Interestingly, domain size did not vary from 10 mol % to
30 mol % 1-deoxymethylDHCer. Probably, the Cer propor-
tion in the latter case is not exactly 30%, since the Cer may
be forming aggregates instead of being incorporated into the
vesicles, and this may correlate with the Cer-rich domains
detected by DSC.
It was previously reported by Silva and co-workers (22)
that above 10 mol %, C24:1 Cer giant vesicles show
morphological alterations that drive vesiculation, which
gives rise a to a high polydispersity when measuring their
size by dynamic light scattering. Under our conditions
with the 1-deoxyceramides, the effect could be amplified,
and these vesiculated structures could undergo total fission,
forming 1-deoxyCer-rich aggregates detected by DSC as a
peak at high temperatures in the thermograms.FIGURE 6 Confocal microscopy of Rho-PE-stained pure C16:0 SM ves-
icles in the presence of either 10% or 30% of different Cers. (A) C16:0 Cer.
(B) C16:0 1-deoxyCer. (C) C16:0 1-deoxyDHCer. (D) C16:0 1-deoxyme-
thylDHCer. To see this figure in color, go online.
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The DSC results with C24:1 Cers are difficult to interpret,
since the thermogram of pure C24:1 SM is already quite
complex, presenting several components (Fig. 7) (16). As
described earlier, the C24:1 Cer Tm is lower than those of
its saturated analogs (23). Again, the Tm of the SM endo-
therm is shifted toward higher temperatures (Fig. 7) when-
ever any of the Cers is added, leading to visibility of
domains under the confocal microscope (see Fig. 9).
The thermogram of pure C24:1 1-deoxyCer displays two
clearly separate peaks, probably due to an interconversion
between two interdigitated gel states, as occurs with other
asymmetric sphingolipids (16). As happened with C16:0
1-deoxymethylDHCer, the longer N-acyl-chain length
C24:1 1-deoxymethylDHCer does not mix well with the
mostly fluid C24:1 SM bilayer, since the addition of just
10% Cer induces the appearance of a peak at high tempera-
tures (Fig. 7). Also, addition of only 10 mol % 1-deoxy-
DHCer to the C24:1 bilayer induces the formation of a
high-T peak corresponding to Cer-rich aggregates resulting
from poor miscibility.
However, in monolayer compression studies no differ-
ences are detected in mixtures with 10% of any C24:1 Cer
(Fig. 8, A and B). All the mixtures are in an LE state. In gen-
eral, C24:1 isotherms are quite complex, and as seen in the
compressibility modulus (k) plots, they may have several
diffuse transitions or LE-LE rearrangements, according to
the different inflection points observed (Fig. 8, C and D).
When 10 mol % Cers are added, the isotherms are quite
similar, the mixture with 1-deoxyDHCer being the one
with the highest k value, i.e., the less compressible one.
When 30 mol % is added, the k values increase, although
all the mixtures are still in the LE state, so these Cers, prob-
ably due to their unsaturation, have a smaller impact on the
SM bilayer than do the C16:0 Cers, in which case the addi-
tion of 10 mol % of any of the Cers promoted a phase
transition to an LC state (Fig. 5). Again, the mixture with
30 mol % 1-deoxyDHCer is the less compressible mixture.
The mixtures with the canonical Cer are in all cases the most
compressible or less rigid ones (Fig. 8, B and C).
These results are confirmed by examining GUVs under
the confocal microscope. As can be seen in Fig. 9, GUVs
containing 30 mol % of the canonical C24:1 Cer do not
consist of spherical vesicles, and the structures do not
remain stable for more than a few minutes, presumably
because they lack the minimum proportion of C24:1 SM
required for vesicle stability. However, this does not happen
with the noncanonical Cers. A possible explanation corre-
lating these data with DSC values could be that not all the
Cer is being incorporated into the vesicles forming Cer-
rich aggregates in the sample, so that the final Cer concen-
tration in the vesicles would be <30 mol %, as explained
above for C16:0 Cers. This is especially feasible for
C24:1 1-deoxymethylDHCer, since the domains formed
FIGURE 7 DSC thermograms of pure C24:1 SM and binary mixtures
with either 10% or 30% of different C24:1 deoxyceramides. Arrow,
Novel 1-Deoxyceramides 2857by addition of 10 mol % and 30 mol % Cer are quite similar
in size. Pinto et al. (24) reported that the ability of C24:1 Cer
to drive gel-fluid phase separation decreases compared to
other long saturated counterparts. However, in our case,
the C24:1 deoxyceramides can have a bigger impact on
membrane properties than do their canonical equivalent
(Fig. 9 D), precisely because of their unsaturation.DISCUSSION
The chemical diversity observed in sphingolipids by the in-
dependent combination of hydrocarbon chains and hydro-
philic moieties leads to an enormous number of structural
possibilities (25). There have been several previous studies
regarding the biophysical properties of Cers of different
acyl-chain length (16,18,19,24,26,27), but not regarding
the N-acyl derivatives of 1-deoxy- sphingoid bases, which
can be present in comparable amounts in mammalian cells
(Fig. 1) (1). In this work, we describe the properties of these
recently found novel sphingolipids and compare them with
their canonical equivalents.
It has been reported that Cers are among the least polar,
most hydrophobic lipids in membranes (12). This study
shows that their 1-deoxy counterparts are even more hydro-
phobic, as shown in particular for C12:0 1-deoxyme-
thylDHCer (Fig. 4) and C16:0 1-deoxymethylDHCer
(Fig. 7). In monolayers, only C16:0 Cers induce a phase
transition between LE and LC states (Fig. 3), perhaps
related to the capacity of the long and saturated Cers, as
compared to their short or unsaturated counterparts, to pro-
mote phase separation. In general, canonical Cers are more
miscible within the SM bilayer than are deoxyceramides
(Figs. 4, 7, and S1). Most 1-deoxyceramides cause the
appearance of a Cer-enriched peak in the thermograms in
mixtures with SM, meaning that the high hydrophobicity
of these molecules prevents them from mixing well in the
SM bilayer, probably inducing formation of Cer-enriched
aggregates in the sample.
Because of their lack of amphipathicity (i.e., extreme hy-
drophobicity), 1-deoxyDHCers display a low tendency to
self-organize in bilayers, hence their poor miscibility with
bilayer lipids. As a consequence, the presence of 1-deoxy-
DHCers in biological membranes may have a large impact
on membrane integrity. Again, these chemically diverse
compounds are characterized by complex biophysical prop-
erties that often do not follow recognizable patterns (see the
calorimetric and monolayer results in this article), as seen as
well with some of the sphingosine-based, or canonical, Cers
(16,28). It has been reported that accumulation of these de-
oxysphingolipids is involved in the development of diseases
such as hereditary sensory neuropathy type-1 (HSAN-1) and500 Cal/mol  C. Results (third scans) of two very similar measurements
are represented. Thermograms were fitted to the smallest number of sym-
metrical components.
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FIGURE 8 Compression isotherms of pure
C24:1 SM and C24:1 SM-C24:1 Cer mixed mono-
layers. (A and B) Surface pressure versus molecu-
lar area of representative isotherms for pure Cers.
(D and E) Dependence of compressibility modulus
(k) on molecular area.
2858 Jime´nez-Rojo et al.diabetes, among others (9,11,29). Although the full details
about the metabolism of these novel lipids are not yet
known, the 1-deoxysphingoid bases are acylated, and a
portion is desaturated (although it has not yet been proven
that the position of the double bond is the same as for
Cers). What is clear is that the formation of these com-
pounds would not be innocuous for cells, as their incorpora-
tion into membranes might have dramatic consequences in
their structure, and probably their integrity, since their com-
plex physicochemical properties are at the origin of their
pathological implications.
This study opens a number of possibilities for a function
of these novel 1-deoxysphingolipids at the membrane level.
The next step could be to study the behavior of these lipids
in more complex lipid mixtures that mimic the properties of
specific organelles, e.g., the endoplasmic reticulum, where
the de novo sphingolipid synthesis takes place, and to
develop techniques to study their membrane properties
in vivo.SUPPORTING MATERIAL
Three figures and additional supplemental information are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(14)01061-3.
This work was supported in part by grants from the Spanish Ministry of
Economy (BFU2011-28566 to A.A.) and the Basque Government (IE11-
300, IT830-13, and IE10-276 to A.A. and IT849-13 to F.M.G.). N.J.R.Biophysical Journal 107(12) 2850–2859was a predoctoral student supported by the Basque Government. Analysis
of the 1-deoxysphingolipids was conducted under National Institutes of
Health grant GM076217 (to A.H.M.).REFERENCES
1. Zitomer, N. C., T. Mitchell,., R. T. Riley. 2009. Ceramide synthase
inhibition by fumonisin B1 causes accumulation of 1-deoxysphinga-
nine: a novel category of bioactive 1-deoxysphingoid bases and 1-de-
oxydihydroceramides biosynthesized by mammalian cell lines and
animals. J. Biol. Chem. 284:4786–4795.
2. Merrill, Jr., A. H. 2011. Sphingolipid and glycosphingolipid metabolic
pathways in the era of sphingolipidomics. Chem. Rev. 111:6387–6422.
3. Salcedo, M., C. Cuevas,., F. Wandosell. 2007. The marine sphingo-
lipid-derived compound ES 285 triggers an atypical cell death pathway.
Apoptosis. 12:395–409.
4. Sa´nchez, A. M., S. Malagarie-Cazenave, ., I. Dı´az-Laviada. 2008.
Spisulosine (ES-285) induces prostate tumor PC-3 and LNCaP cell
death by de novo synthesis of ceramide and PKCz activation. Eur. J.
Pharmacol. 584:237–245.
5. Massard, C., R. Salazar,., J. C. Soria. 2012. Phase I dose-escalating
study of ES-285 given as a three-hour intravenous infusion every three
weeks in patients with advanced malignant solid tumors. Invest. New
Drugs. 30:2318–2326.
6. Scho¨ffski, P., H. Dumez,., G. Giaccone. 2011. Spisulosine (ES-285)
given as a weekly three-hour intravenous infusion: results of a phase I
dose-escalating study in patients with advanced solid malignancies.
Cancer Chemother. Pharmacol. 68:1397–1403.
7. Baird, R. D., J. Kitzen,., J. Verweij. 2009. Phase I safety, pharmaco-
kinetic, and pharmacogenomic trial of ES-285, a novel marine cyto-
toxic agent, administered to adult patients with advanced solid
tumors. Mol. Cancer Ther. 8:1430–1437.
FIGURE 9 Confocal microscopy of Rho-PE-stained pure C24:1 SM ves-
icles in the presence of either 10% (A and C or 30% (B and D) of different
Cers. (A) C24:1 Cer. (B) C24:1 1-deoxyCer. (C) C24:1 1-deoxyDHCer. (D)
C24:1 1-deoxymethylDHCer. To see this figure in color, go online.
Novel 1-Deoxyceramides 28598. Rotthier, A., A. Penno,., K. Janssens. 2011. Characterization of two
mutations in the SPTLC1 subunit of serine palmitoyltransferase asso-
ciated with hereditary sensory and autonomic neuropathy type I.
Hum. Mutat. 32:E2211–E2225.
9. Rotthier, A., M. Auer-Grumbach,., V. Timmerman. 2010. Mutations
in the SPTLC2 subunit of serine palmitoyltransferase cause hereditary
sensory and autonomic neuropathy type I. Am. J. Hum. Genet. 87:
513–522.
10. Zuellig, R. A., T. Hornemann, ., J.-H. Jang. 2013. Deoxysphingoli-
pids, a novel biomarker for type 2 diabetes, are cytotoxic for insulin-
producing cells. Diabetes. 63:1326–1339.
11. Othman, A., M. F. Ru¨tti,., T. Hornemann. 2012. Plasma deoxysphin-
golipids: a novel class of biomarkers for the metabolic syndrome?
Diabetologia. 55:421–431.
12. Gon˜i, F. M., and A. Alonso. 2006. Biophysics of sphingolipids I. Mem-
brane properties of sphingosine, ceramides and other simple sphingoli-
pids. Biochim. Biophys. Acta. 1758:1902–1921.13. Gon˜i, F. M., and A. Alonso. 2009. Effects of ceramide and other simple
sphingolipids on membrane lateral structure. Biochim. Biophys. Acta.
1788:169–177.
14. Dennis, E. A., R. A. Deems, ., S. Subramaniam. 2010. A mouse
macrophage lipidome. J. Biol. Chem. 285:39976–39985.
15. Sakagami, H., K. Kishino,., T. Oizumi. 2009. Cell death induced by
nutritional starvation in mouse macrophage-like RAW264.7 cells. Anti-
cancer Res. 29:343–347.
16. Jime´nez-Rojo, N., A. B. Garcı´a-Arribas, ., F. M. Gon˜i. 2014. Lipid
bilayers containing sphingomyelins and ceramides of varying N-acyl
lengths: a glimpse into sphingolipid complexity. Biochim. Biophys.
Acta. 1838 (1 Pt B):456–464.
17. Sims, K., C. A. Haynes, ., A. H. Merrill, Jr. 2010. Kdo2-lipid A, a
TLR4-specific agonist, induces de novo sphingolipid biosynthesis in
RAW264.7 macrophages, which is essential for induction of auto-
phagy. J. Biol. Chem. 285:38568–38579.
18. Busto, J. V., M. L. Fanani,., A. Alonso. 2009. Coexistence of immis-
cible mixtures of palmitoylsphingomyelin and palmitoylceramide in
monolayers and bilayers. Biophys. J. 97:2717–2726.
19. Fanani, M. L., and B. Maggio. 2010. Phase state and surface topog-
raphy of palmitoyl-ceramide monolayers. Chem. Phys. Lipids. 163:
594–600.
20. Smaby, J. M., V. S. Kulkarni, ., R. E. Brown. 1996. The interfacial
elastic packing interactions of galactosylceramides, sphingomyelins,
and phosphatidylcholines. Biophys. J. 70:868–877.
21. Shah, J., J. M. Atienza,., G. G. Shipley. 1995. Structural and thermo-
tropic properties of synthetic C16:0 (palmitoyl) ceramide: effect of hy-
dration. J. Lipid Res. 36:1936–1944.
22. Silva, L., R. F. de Almeida, ., M. Prieto. 2006. Ceramide-platform
formation and -induced biophysical changes in a fluid phospholipid
membrane. Mol. Membr. Biol. 23:137–148.
23. Bjo¨rkqvist, Y. J., J. Brewer, ., B. Westerlund. 2009. Thermotropic
behavior and lateral distribution of very long chain sphingolipids.
Biochim. Biophys. Acta. 1788:1310–1320.
24. Pinto, S. N., L. C. Silva,., M. Prieto. 2011. Effect of ceramide struc-
ture on membrane biophysical properties: the role of acyl chain length
and unsaturation. Biochim. Biophys. Acta. 1808:2753–2760.
25. Hannun, Y. A., and L. M. Obeid. 2011. Many ceramides. J. Biol. Chem.
286:27855–27862.
26. Dupuy, F., M. L. Fanani, and B. Maggio. 2011. Ceramide N-acyl chain
length: a determinant of bidimensional transitions, condensed domain
morphology, and interfacial thickness. Langmuir. 27:3783–3791.
27. Gro¨sch, S., S. Schiffmann, and G. Geisslinger. 2012. Chain length-spe-
cific properties of ceramides. Prog. Lipid Res. 51:50–62.
28. Westerlund, B., P. M. Grandell, ., J. P. Slotte. 2010. Ceramide acyl
chain length markedly influences miscibility with palmitoyl sphingo-
myelin in bilayer membranes. Eur. Biophys. J. 39:1117–1128.
29. Zuellig, R. A., T. Hornemann,., S. Sonda. 2014. Deoxysphingolipids,
novel biomarkers for type 2 diabetes, are cytotoxic for insulin-produc-
ing cells. Diabetes. 63:1326–1339.Biophysical Journal 107(12) 2850–2859
